ABSTRACT: Aflatoxins, especially aflatoxin B1 (AFB1), can be greater in dried distillers grains with solubles (DDGS) because it can be concentrated during the ethanol production process. Increased use of DDGS in swine diets could potentially lead to an increased incidence of aflatoxicosis, a disease associated with decreased feed intake, reduced BW gain, and impaired liver function. The objective of this study was to determine the effects of AFB1 on the health, performance, and serum profile of growing barrows. Ninety Duroc × Yorkshire crossbred barrows were purchased (age = 35 ± 5 d; BW = 14.2 ± 3.0 kg), allocated to 9 pens with 10 pigs per pen, and randomly assigned to receive diets containing 0 μg/kg of AFB1 (CON), 250 μg/kg of AFB1 (LO), or 500 μg/kg of AFB1 (HI) for 7, 28, or 70 d in a 3 × 3 factorial arrangement of treatments. Feed intake was measured daily, and pigs were weighed and blood samples collected weekly. Serum was analyzed for concentrations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (BILI), and blood urea nitrogen (BUN). Both ADFI and ADG were negatively affected (P ≤ 0.001) by AFB1 treatment. Average daily feed intake was less (P < 0.05) in HI barrows than in CON barrows from wk 5 to 10 and was less (P < 0.05) in LO barrows than in CON barrows in wk 5 and again from wk 8 to 10. Also, ADFI was less (P = 0.022) in HI barrows than LO barrows in wk 10. Decreased ADG (P < 0.05) was observed in HI barrows than in CON barrows in wk 8 and 10; no differences (P ≥ 0.665) in ADG were noted between CON and LO barrows. There was no effect (P ≥ 0.080) of AFB1 treatment on ALT or BILI concentrations. However, both AST and BUN were affected (P < 0.05) by AFB1 treatment. Serum AST was greater (P = 0.010) in LO barrows than CON barrows in wk 5, and serum BUN was greater (P = 0.004) in CON barrows than LO barrows in wk 3. Results from this study demonstrate that the performance and health of young growing barrows were affected by consumption of an AFB1-contaminated diet, especially when fed for a more extended period.
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INTRODUCTION
Mycotoxins are secondary metabolites produced by molds on crops grown in stressful or poor conditions (Hussein and Brasel, 2001 ). Aflatoxins, produced by Aspergillus flavus and Aspergillus parasiticus, are some of the most toxic mycotoxins, and aflatoxin B1 (AFB1) is the most toxic aflatoxin (Devegowda and Murthy, 2005) . Feeds contaminated with AFB1 can cause aflatoxicosis, which is manifested through liver damage and subsequently poor health and performance. Like other nonruminant species, swine are unable to efficiently metabolize aflatoxins, making them especially susceptible to aflatoxicosis. Susceptibility also varies with age, aflatoxin concentration, and duration of exposure.
Regulatory limits for AFB1 in swine feed are <20 μg/kg of AFB1 for young, immature pigs, <100 μg/kg of AFB1 for breeding pigs, and <200 μg/kg of AFB1 for finishing pigs (USDA, 2005; . As producers are looking to increase the use of distillers dried grains with solubles (DDGS) in swine diets, AFB1 can become problematic. Aflatoxins produced on corn are not destroyed during ethanol production, but are instead concentrated approximately 3-to 4-fold (FDA, 2006; Wilkinson and Abbas, 2008) . The AFB1 content in DDGS is typically small (Zhang et al., 2009) , and Effects of dietary aflatoxin on the health and performance of growing barrows 1 mycotoxin sampling and testing procedures can be difficult and inconsistent, limiting the reliability of detection. Administration of increased AFB1 concentrations (≥420 μg/kg) for short durations can be detrimental to swine health and performance (Harvey et al., 1990; Lindemann et al., 1993) . However, the effects of administering reduced concentrations of AFB1 to growing pigs for an extended period are relatively unknown. The objective of this study was to compare the health and performance of growing barrows fed a diet containing no AFB1, a lesser amount of AFB1, or a greater amount of AFB1 for 7, 28, or 70 d.
MATERIALS AND METHODS
All animal procedures used were approved by the University of Wyoming Institutional Animal Care and Use Committee.
Animal Procedures and Treatments
Ninety Duroc × Yorkshire crossbred barrows were purchased from a commercial farm (average age = 35 ± 5 d at time of purchase). Barrows were allocated to 9 pens with 10 pigs per pen, and each pen was randomly assigned to 1 of 9 dietary treatments: 0 μg/kg of AFB1 (CON), 250 μg/kg of AFB1 (LO), or 500 μg/kg of AFB1 (HI) for 7, 28, or 70 d in a factorial arrangement of treatments. Similar concentrations of AFB1 have been shown to elicit a response in swine (Southern and Clawson, 1979; Lindemann et al., 1993) , and evenly spaced increments of AFB1 administration were used to determine if responses were linear or quadratic or both.
After pen and treatment assignment, barrows were allowed a 6-d adjustment period (d −6 to −1) before starting their respective dietary treatments. Barrows were housed in the nursery unit until wk 4, after which all pigs were transferred to the grower unit for the remainder of the trial period; pen mate assignments, or contemporary groups, remained the same throughout the trial. Barrows were allowed ad libitum access to feed and water throughout the study. The nonmedicated starter diet (Table 1) was formulated (Swine Premix Catalog, Custom Ag Products Inc., Fairview, KS) to be fed from d 0 to 20, at which time mean BW was expected to exceed 22.7 kg. The grower diet (Table 1 ; Swine Premix Catalog) was fed from d 21 until the end of the trial period. Ground corn containing AFB1 culture material was added to the LO and HI starter and grower diets to reach dietary concentrations of 250 and 500 μg/kg of AFB1, respectively. Barrows were monitored daily for signs of aflatoxicosis, including decreased feed intake, icterus, rough coat, and lethargy (Coppock et al., 1989; Harvey et al., 1990) .
Pen feed intake was measured daily beginning on d −2. Adequate feed for ad libitum feeding was provided each morning. All remaining feed was removed the next morning and weighed. Barrows were weighed and bled on d −1 and then weekly throughout the duration of the trial starting on d 7. Blood samples (10 mL) were collected via jugular venipuncture into 16 × 100 mm blood collection tubes (Tyco Healthcare Group LP, Mansfield, MA). Samples were allowed to clot for ≥20 min at room temperature and then centrifuged for 20 min at 1,200 × g at 4°C. Serum was collected and stored at −20°C until analyzed. All serum analyses were conducted at the Wyoming State Veterinary Laboratory (Laramie). Analyses of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (BILI), and blood urea nitrogen (BUN) were performed (VetEx Serum Chemistry Analyzer, Alfa Wassermann Diagnostic Technologies, West Caldwell, NJ) according to the manufacturer's instructions. Because AST measurements are subject to variability due to Vitamin premix supplied (per kg of diet): vitamin A, 44,000 IU; vitamin D 3 , 6,600 IU; vitamin E, 220 IU; menadione, 17.6 mg; vitamin B 12 , 0.18 mg; biotin, 0.68 mg; folic acid, 4.4 mg; niacin, 220 mg; d-pantothenic acid, 132 mg; vitamin B 6 , 13.2 mg; riboflavin, 39.6 mg; and thiamine, 13.2 mg.
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Trace mineral premix provided (per kg of diet): Cu, 16.5 mg from copper sulfate; I, 0.36 mg from ethylenediamine dihydriodide; Fe, 165 mg from ferrous sulfate; Mn, 43.5 mg from manganese sulfate; Se, 0.30 mg from sodium selenite; and Zn, 165 mg from zinc sulfate.
5
Trace mineral premix provided (per kg of diet): Cu, 13.75 mg from copper sulfate; I, 0.30 mg from ethylenediamine dihydriodide; Fe, 137.5 mg from ferrous sulfate; Mn, 36.25 mg from manganese sulfate; Se, 0.25 mg from sodium selenite; and Zn, 137.5 mg from zinc sulfate.
Performance of barrows administered aflatoxin muscle stress, AST measurements were closely examined for extreme values that were likely due to stress associated with movement and blood collection, not aflatoxin consumption. Normal range for AST in pigs is 15.3 to 55.3 U/L. For this study, AST values >2 SD greater than the upper limit of the normal range were eliminated if the other serum measurements (ALT, BILI, and BUN) were not atypical because this would indicate that the increased AST was due to the movement or handling stress instead of AFB1 exposure. Alternately, if the other serum measurements were also atypical, this would indicate liver damage associated with AFB1 consumption, and those AST values were retained.
Pigs were killed on the last day of their respective treatment [1 pen of pigs or 10 pigs per treatment on d 7, 28, and 70; 1 mL/22 kg of BW of Beuthanasia-D (Schering-Plough Animal Health Corp., Union, NJ)]. Liver, kidneys, and pancreas were collected and weighed. Each tissue was subsampled and preserved in 4% paraformaldehyde fixative for histological analyses. All carcasses and remaining AFB1-contaminated feed were incinerated at the Wyoming State Veterinary Laboratory.
Aflatoxin Production and Analysis
The AFB1 was produced on rice using Aspergillus parasiticus (NRRL2999, USDA Midwest Area-National Center for Agricultural Utilization Research, Peoria, IL) at the University of Missouri (Columbia) using methods adapted from Shotwell et al. (1966) . Aflatoxin B1 culture material containing 800 mg of AFB1/kg was added to the LO and HI diets to achieve targeted concentrations of 250 and 500 μg/kg, respectively. Samples from each diet were analyzed for final AFB1 concentration using methods described previously (Gómez-Catalán et al., 2005; Gowda et al., 2009 ). The final AFB1 concentrations within the starter diets of CON, LO, and HI treatment groups were 0, 185, and 510 μg/kg, respectively. For the grower diets, the final AFB1 concentrations were 0, 170, and 455 μg/kg for CON, LO, and HI treatment groups, respectively. The CON diet was analyzed for mycotoxins, using methods similar to those described previously; there was no detection of aflatoxin, fumonisin, vomitoxin, zearalenone, or ochratoxin contamination.
Histology
At time of euthanasia, cross sections of liver from the d 70 groups were excised and fixed in 4% buffered paraformaldehyde for 24 h followed by two 70% ethanol washes. Tissues were dehydrated through a series of graded ethanol baths followed by xylene before being infiltrated and embedded in paraffin. Liver cross sections (6 μm) were placed on Superfrost Plus slides and were deparaffinized and rehydrated in distilled water. For rehydration, slides were placed sequentially into three 10-min xylene baths, two 5-min 100% ethanol baths, two 5-min 95% ethanol baths, one 5-min 70% ethanol bath, and finally, briefly into 1 water bath. Hematoxylin/eosin staining was performed according to standard laboratory protocol [Bancroft and Gamble, 2002 ; Mayer Hematoxylin/Eosin Staining (Sigma-Aldrich, St. Louis, MO)]. Liver tissue sections were evaluated at the University of Missouri (Columbia). Sections were individually graded from 0 to 5, similar to that described by Miller et al. (1981) . A grade of 0 indicated no detectable changes in the liver tissue, and a grade of 1 indicated that portal tracts were infiltrated by very small numbers of lymphocytes, macrophages, and eosinophils. Grades 2 through 4 represented increasing degrees of liver damage as evidenced by the presence of bile duct proliferation in the portal areas. A grade of 5 indicated severe inflammation involving portal tracts and parenchyma.
Statistical Analyses
There were 10 pigs per treatment combination (CON, LO, or HI for 7, 28, or 70 d) . This resulted in 3 pens each with 10 pigs per pen for CON, LO, and HI treatments from d 0 to 7 of the trial; 2 pens each with 10 pigs per pen for CON, LO, and HI treatments from d 8 to 28; and 1 pen each with 10 pigs per pen for CON, LO, and HI treatments from d 29 to 70. Treatments (CON, LO, or HI) were allocated by pen; thus, pen was the experimental unit for treatment and pen(treatment) was used as the error term for all analyses to test treatment effects (Kaps and Lamberson, 2009 ). Feed intake was recorded daily for each pen. Average daily feed intake was analyzed as repeated measures using the compound symmetry covariance structure in the MIXED procedure (SAS Inst. Inc., Cary, NC) for effects of treatment, week, and their interaction. Weekly measures of ADG and serum measurements (AST, ALT, BILI, and BUN) were also analyzed using MIXED procedure of SAS for effects of treatment, week, and their interaction. For ADG, initial BW (measured on d −1) was also used as a covariate. Organ weights were analyzed to determine the effect of treatment × week (i.e., wk 1, 4, or 10) using the MIXED procedure with pen(treatment) as the error term. Finally, histology grades of d 70 liver tissues were tested for the effect of treatment also using an ANOVA. For all analyses, separation of leastsquares treatment × week means was performed when a significant interaction was detected in the ANOVA, using LSD with a Tukey's adjustment and assuming an α level of 0.05. Linear and quadratic contrasts were additionally performed using the MIXED procedure when the main effect of treatment was significant.
RESULTS AND DISCUSSION
Weekly ADFI of barrows administered dietary treatments is presented in Table 2 . Weekly ADFI was affected by treatment (P < 0.001), week (P < 0.001), and a week × treatment interaction (P < 0.001). Average daily feed intake was decreased (P < 0.05) in HI barrows compared with CON barrows from wk 5 to 10 and was decreased (P < 0.05) in LO barrows compared with CON barrows in wk 5 and again from wk 8 to 10. Additionally, ADFI was less (P = 0.022) in HI barrows than LO barrows in wk 10. Both an overall linear (P < 0.001) and quadratic (P = 0.030) response were observed for ADFI. Southern and Clawson (1979) reported linear decreases in feed intake over a 66-d feeding period with increasing AFB1 (0, 20, 385, 750, and 1,480 μg/kg). Lindemann et al. (1993) also observed a linear reduction in feed intake in growing swine administered feeds contaminated with 0, 420, or 840 μg/kg of AFB1 for 49 d. In this study, feed intake increased in all treatment groups over the trial period, but to a lesser extent in the LO and HI treatment groups.
Weekly ADG of barrows fed dietary treatments is summarized in Table 3 . Average daily gain was affected by treatment (P = 0.001), week (P < 0.001), and the week × treatment interaction (P = 0.002). Average daily gain was greater (P < 0.05) in CON barrows than HI barrows in wk 8 and 10; no differences in ADG were detected between CON and LO barrows, or between HI and LO barrows. There was an overall linear response (P < 0.001) in ADG, but no quadratic response was detected. Schell et al. (1993) reported decreased ADG in pigs (barrows and gilts) fed a diet contaminated with 800 μg/kg of AFB1. Linear decreases in ADG have been previously reported in barrows fed increasing concentrations of 0 to 840 μg/kg (Lindemann et al., 1993) and 20 to 1,480 μg/kg (Southern and Clawson, 1979) of AFB1 in their diets. Similar to feed intake, ADG in this study increased in all treatment throughout the trial period, but this increase was less in the aflatoxintreated barrows.
Swine administered aflatoxin-contaminated feed have increased activity of liver-specific enzymes (Harvey et al., 1990; Lindemann et al., 1993; Schell et al., 1993) . Serum AST, ALT, BILI, and BUN measures are summarized in Table 4 . Serum AST was affected by treatment (P = 0.050), week (P < 0.001), and the interaction of treatment × week (P = 0.020). Specifically, serum AST was greater (P = 0.010) in LO barrows than CON barrows in wk 5; no other differences were observed. An overall linear response (P = 0.030), but no quadratic response, was observed for ALT. Lindemann et al. (1993) reported linear increases in AST in swine fed diets with 0 to 840 μg/kg of AFB1. Schell et al. (1993) found serum AST concentrations were elevated in pigs fed 800 μg/kg of AFB1.
There was no overall effect of treatment or interaction of treatment × week on ALT concentrations; however, serum ALT was affected (P < 0.001) by week. Both AST and ALT have been proposed as indicators of depressed liver function due to hepatocellular injury leading to changes in plasma membrane permeability (Miller et al., 1982) . Because AFB1 induces liver damage, it would be expected that AST and ALT concentrations would be increased in AFB1-treated pigs. However, the levels of AFB1 used in this study (250 and 500 μg/kg) may not have been great enough to elicit substantial changes in ALT concentrations. Additionally, the variability associated with laboratory analysis of AST may have contributed to the limited differences in AST observed in this study.
There was no effect of treatment (P = 0.080) on BILI concentrations, but effects (P < 0.001) of week and the treatment × week interaction were observed. The BILI concentration was greater (P < 0.001) in LO barrows than CON and HI barrows in wk 5. Upon further inves- Main effect of treatment, P < 0.001; main effect of week, P < 0.001; interaction of week × treatment, P < 0.001. The pen was the experimental unit, and pen(treatment) was used as the error term to test treatment effects (Kaps and Lamberson, 2009 Within a row, means without a common superscript letter differ (P < 0.05). Main effect of treatment, P = 0.001; main effect of week, P < 0.001; interaction of week × treatment, P = 0.002. The pen was the experimental unit, and pen(treatment) was used as the error term to test treatment effects (Kaps and Lamberson, 2009 ). 3 n = 3, 2, and 1 pen of 10 pigs each during wk 1, 2 to 4, and 5 to 10, respectively, for CON, LO, and HI treatments.
Performance of barrows administered aflatoxin tigation of BILI measurements during that week, 1 LO barrow exhibited a BILI concentration reading outside the range considered typical for swine, and that observation likely contributed to the differences observed in wk 5. However, the other serum measures (AST, ALT, and BUN) were also outside their respective typical ranges, indicating that this increased BILI value was not due to laboratory error but, instead, may be Within a row, means without a common superscript letter differ (P < 0.05). 1 CON = 0 μg/kg of aflatoxin B1 (AFB1) diet; LO = 250 μg/kg of AFB1 diet; HI = 500 μg/kg of AFB1 diet.
2 n = 3, 2, and 1 pen of 10 pigs each during wk 1, 2 to 4, and 5 to 10, respectively, for CON, LO, and HI treatments.
3 Main effect of treatment, P = 0.050; main effect of week, P < 0.001; interaction of week × treatment, P = 0.020. For this and other response criteria, the pen was the experimental unit, and pen(treatment) was used as the error term to test treatment effects (Kaps and Lamberson, 2009) . 4 Main effect of treatment, P = 0.506; main effect of week, P < 0.001; interaction of week × treatment, P = 0.571. 5 Main effect of treatment, P = 0.080; main effect of week, P < 0.001; interaction of week × treatment, P < 0.001. 6 Main effect of treatment, P = 0.032; main effect of week, P = 0.003; interaction of week × treatment, P = 0.002. indicating a response by that particular barrow to aflatoxin consumption. Bilirubin, a by-product of hemoglobin degradation, is filtered by the kidney and then conjugated with glucuronic acid and secreted with the bile in the liver. Increased bilirubin, resulting from decreased liver function, is another potential indicator of aflatoxicosis (Sisk et al., 1968) . Lindemann et al. (1993) reported linear increases of total bilirubin with increasing AFB1 concentrations of 0, 420, and 840 μg/kg.
Concentrations of BUN were affected by treatment (P = 0.032), week (P = 0.003), and the interaction of treatment × week (P = 0.002). Concentration of BUN was greater (P = 0.004) in CON barrows than LO barrows in wk 3, but no other differences were observed. There was an overall quadratic response (P = 0.028), but not linear, response observed for BUN. Measurements of BUN reflect the concentration of urea in blood. Urea is excreted by the kidneys, and increased urea concentration is indicative of impaired kidney function. Decreased BUN concentrations have been observed in barrows with severe liver impairment, indicating decreased protein synthesis (Hussein and Brasel, 2001 ). Schell et al. (1993) found serum urea N decreased with 500 μg/kg of AFB1 in the feed. Harvey et al. (1990) reported decreased urea N in pigs fed 2,500 μg/kg of AFB1. Lindemann et al. (1993) found no differences in 2 trials and decreased BUN in 1 trial with 800 μg/kg of AFB1.
Organ weights of barrows fed dietary treatments, measured as a percentage of BW, are summarized in Table 5 . Liver weight was affected by the main effects of AFB1 concentration (P < 0.001) and duration of feeding (P < 0.05), but not their interaction. Liver weight was greater (P < 0.05) in HI barrows than CON barrows on d 70 only. Weights of d 70 livers increased linearly (P < 0.001) with increasing AFB1 concentrations. It should also be noted that 7 of 10 barrows in the d 70, HI treatment group exhibited liver discolorations, including paleness and yellowing. Similarly, Sisk et al. (1968) and Miller et al. (1982) found that animals treated with aflatoxins had livers that were pale and yellow in color. There were no differences (P > 0.05) in kidney and pancreas weights (each measured as a percentage of BW). Southern and Clawson (1979) found that aflatoxin ingestion in finishing swine caused a linear increase in liver weights (expressed as a percent of BW) with increasing concentrations from 20 to 1,480 μg/kg of AFB1. Harvey et al. (1990) reported greater liver and kidney weights in barrows fed 2,500 μg/kg of AFB1 compared with barrows fed a noncontaminated feed. Increased kidney weights but no differences in pancreas weights have been reported in barrows and gilts fed AFB1 concentrations increasing from 83.4 μg/kg of BW to 333.6 μg/kg of BW (Sisk et al., 1968) . Table 6 summarizes results from the histological analysis of liver tissues collected from d 70 barrows. No differences in liver health as assessed by histological grading were observed among the 70-d treatment groups. However, there were 2 CON barrows with a grade of 1 (limited portal tract infiltration), and 3 CON barrows displayed mild extramedullary hematopoiesis (EMH). In the LO treatment group, 5 barrows were graded 1, and 5 also showed mild EMH. In addition, 1 barrow in the LO group had moderate EMH, and 3 barrows had mild nuclear pleomorphisms. The HI treatment group had 2 barrows that graded 1, and 1 barrow that graded 2 (bile duct proliferation). There were 9 barrows in the HI group with mild EMH, 2 with nuclear pleomorphisms, and 1 with mid-zonal vacuolation. Bile duct proliferation was more prominent in the HI barrows than the CON barrows. Vacuolation was seen in 1 HI animal. The lack of differences could be attributed to the smaller aflotoxin concentration (250 and 500 μg/kg) than those used in previous research. Within a row, means without a common superscript letter differ (P < 0.05). There were 10 pigs each for CON, LO, and HI at wk 1, 4, and 10. The pen was the experimental unit, and pen(treatment) was used as the error term to test treatment × week (Kaps and Lamberson, 2009) . Table 6 . Number of barrows within treatment groups fed corn-soybean diets containing different concentrations of aflatoxin 1 that graded 0, 1, or 2 for histological analysis Performance of barrows administered aflatoxin Miller et al. (1982) found that pigs fed 1.2 mg of AFB1/ kg of BW had varying degrees of mild karyomegaly, hepatocellular degeneration, bile ductile proliferation, and mild fibrosis. Sisk et al. (1968) reported vacuolation of cytoplasm of centrilobular cells, and bile ductile cell proliferation in the liver of pigs given AFB1 orally at concentrations from 83.4 to 333.6 μg/kg of BW. Results from this study demonstrated that feeding an AFB1-contaminated diet, especially for an extended period, is detrimental to the health and performance of growing barrows.
